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Shape memory alloys (SMA) are well-known for their 
ability to transform into an imprinted shape by means of 
thermal activation (pseudoplasticity) or after a mechanical 
deformation (pseudoelasticity). The thermal effects can be used 
in a wide range of industrial applications like valves, unlocking 
devices or comfort applications in the field of automotive 
mechatronics. While there are many ideas concerning shape 
memory actuators, only few thoughts have been spent on 
service applications around these unique actuators. At present, 
product-related services are usually considered as an add-on to 
the actual product. But in future, industrialized countries are 
subject to a structural change toward service societies. For this 
reason, new concepts and methods which enable the companies 
to design the potential services in an optimal way are necessary 
already during the development of a product. This is a 
paradigm shift from the separated consideration of products and 
services to a new product understanding consisting of 
integrated products and services. In the case of shape memory 
technology, recycling processes present an interesting field for 
such integrated services. 
Starting with general ideas towards recycling concepts for 
and with shape memory components, this paper focuses on 
refresh-annealing as an example of an interesting recycling 
process. Finally, the paper is summed up by an outlook on 
future works on development methods for generic shape 
memory actuators and their service systems. The aim of this 
study is to show the possibilities and the importance of services 
in the field of shape memory technology. As a result, new 
applications and markets for SMA can be developed. 
 
INTRODUCTION 
1. Shape memory alloys 
Increasing automation and miniaturization require an 
increased employment of actuators based on smart materials. 
For the selection of these actuators or drives, numerous criteria 
are to be taken into account, e.g. the simplicity of the setup, the 
required space, the kind of activation energy, the speed of the 
actuation, the reliability and accuracy, the durability, etc. Shape 
memory alloys are smart materials and have the ability to react 
to an exterior thermal or mechanical stimulus. The effect can 
occur either at constant temperatures (mechanical memory, 
pseudoelasticity), or changing temperatures (thermal memory). 
The most commonly used forms of SMA are wires, ribbons and 
coil springs. They combine the advantages of simple assembly 
and simple dimensioning. SMA are rarely used by design 
engineers, although there are numerous options to use them in 
diverse technical applications. One reason for this rejection is 
the lack of knowledge and services around this technology. 
There are no prognosis models or even simulation tools for 
these effects. Besides, there are no recycling, maintenance or 
quality management concepts. 
2. Product-service systems 
Driven by the globalization of the world markets and the 
relocation of production sites of mass products to countries 
with lower wages, mechanical engineering and plant 
construction specialized on the production of complex high-
technology products have now taken a leading role in 
industrialized countries. In order to retain this advantage in the 
competition or rather develop it even further, it is necessary on 
the one hand to achieve a permanent development of the 
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existing product and process knowledge and on the other hand 
install new business models, e.g. the combination of products 
and services. In mechanical engineering, product-related 
services are usually seen as add-ons to the actual product [1]. 
The claim of most companies to meet all customer 
requirements and the employee’s lack of experience in focusing 
their activities efficiently on the customer’s use led to an 
indeterminate number of individual solutions for customers 
with a clear increase of costs. Therefore, the product-
accompanying approach is no target for mechanical engineering 
and will be replaced by an integrated view, focusing on the 
customer’s use. This change of paradigm from the separated 
view of product and services to a new product understanding 
consisting of industrial, integrated product-service-systems 
(IPS
2
) which establish innovation potential to increase the 
competitiveness of mechanical engineering thus allows 
business models in which the customer use, e.g. in the form of 
highly available machines and not the selling of the machine is 
of central interest. IPS
2
 are forcing a new understanding for 
business relationships within the Business-to-Business market. 
Based on new service businesses, a stronger connection 
between the abovementioned participants can be established. 
The ecological motivation consists in the benefit of IPS
2
 of 
reducing resource consumption, e.g. by using the machine more 
efficiently. The technical motivation will be that the equal focus 
on product and service development enables innovations and 
therefore product and service engineering have to be integrated. 
Economical motivation consists in increasing profit by 
delivering services instead of merely selling products. The 
sustainability impact of the social motivation is the enabling of 
high-wage countries to protect employment and provide new 
jobs. In summary, the IPS
2
 business demands a paradigm shift 
towards selling functionality instead of selling products. 
Eventually, IPS
2
 will help improve the utilization and 
sustainability of future products [2]. 
 
POSSIBLE COMBINATIONS OF SMA AND SERVICES 
This paragraph gives an overview over the possible 
combinations of SMA-based products and services. In this, 
services that are performed for SMA are to be distinguished 
from services that are performed by means of SMA-based 
systems. Figures 1 and 2 illustrate concepts of both sorts. The 
examples in orange are amplified in the following chapters with 
a focus on recycling, which will assume an increasingly 
growing importance in the future.  
Nowadays, services for SMA as depicted in figure 1 only 
exist in the area of testing and engineering. Still, the 
maintenance and recycling of SMA components in particular 
have not been observed in detail yet. For instance, research 
endeavors to construct SMA elements for an infinite service 
life. However, other components in technical systems do not 
function eternally, either and have to be replaced in certain 
intervals. This view can also be transferred to SMA 
components. Therefore, new fields of application can be 
developed and new economic potentials present themselves due 
to the maintenance service and the increased demand for SMA 
components. Indeed, constructive solutions for a simple 
removal of the SMA component are to be taken into account. 
The refreshing of SMA properties also offers very interesting 
service models in the areas of maintenance and recycling and is 
therefore considered more thoroughly hereafter. 
Nowadays, the concepts of services shown in figure 2, 
which are performed by SMA products, have partly established 
themselves in the market already. Here, thermally activated 
unlocking and locking systems should be mentioned. An area 
that has not yet been developed is SMA-based sensor systems 
for monitoring systems and processes. Heretofore, the sensor 
effect has mostly only been considered in connection with the 
actuator effect. The sensor effect, however, also offers the 
potential to be applied alone. Especially the alteration of the 
electric resistance during the phase transformation, as well as 
the sensitivity of the resistance curve concerning the ambient 
conditions and material fatigue allow the detection of various 
measured variables. Monitoring functions for the control of 
systems and processes are among the applications. 
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RECYCLING 
1. Basics 
In order to specify the term “recycling” in greater detail, 
the VDI directive 2243 entitled “Recycling-oriented Product 
Development” can be consulted. This directive defines 
recycling as a “renewed usage or exploitation of products and 
materials in the form of cycles” [3]. Recycling can then be 
subdivided on the basis of its types of cycles, its modes and its 
treatment processes. The term cycle orients itself by the model 
of nature, in whose cycles the material flows are closed. 
Virtually no raw materials are lost, hence the resource 
consumption is optimal.  
Recycling aims at a decrease of the negative 
environmental impact of residues, a reduction of the energy 
consumption in the production as well as the preservation of 
natural resources. The negation of these aims predetermines the 
ecological limits. From an ecological point of view, recycling is 
to be rejected if the amounts of material and energy applied in 
the collection, sorting and preparation or transformation exceed 
the environmental benefit. Unfortunately, even a recycling with 
a positive environmental record encounters resistance and 
confines of different kinds [4]. This resistance can be divided 
into four categories: 
• technological confines 
• economic confines 
• ecological confines 
• psychological resistance. 
The psychological resistance, however, which is caused by the 
consumer’s expectation of a substandard quality of the offered 
secondary raw materials, could even be reversed in certain 
industries due to a grown ecological awareness of society. 
2. Recycling and SMA 
Shape memory alloys can be linked with recycling 
processes in different ways. As depicted above in figures 1 and 
2, SMA can on the one hand be employed for the support of 
recycling processes, for example to support a disassembly. On 
the other hand, components made of SMA possess the potential 
for recycling processes, themselves. This is useful because of 
the high commodity prices of Ni and Ti among other things, 
together with the costly production of SMA wrought material. 
In this way, the transition from a “throughput system” to a 
“cycle system”, in which materials and energies remain in the 
cycle until they are no longer usable, could be accomplished for 
the area of shape memory technology as well. Owing to the 
cycle-internal recycling, both the demand for new raw materials 
and the accruing waste can be reduced.   
3. Recycling of SMA 
Three different kinds of recycling cycles can be 
distinguished, which de facto mostly occur in mixed forms: 
• production return flow recycling 
• recycling during product use 
• secondary materials recycling. 
A recycling of SMA is conceivable for all three kinds of cycles.  
Figure 3 shows the recycling management using the example 
of an SMA-based product with optimized resource 
consumption. As can be seen, the cycle is not closed, i.e. 
primary raw materials have to be introduced in the beginning of 
the production process and in the end, waste accrues.  
In this case, product recycling refers to the employment of 
rehashed components. Here on the one hand, products or rather 
individual components (recycling during product use) and on 
the other hand, parts of second-hand products (second-hand 
material recycling) are treated and reused. In the context of 
SMA, these component parts could be springs that were 
removed from existing products or second-hand products and 
have been annealed. For instance, pseudoelastic springs could 
be solution annealed and subsequently activated in order to 
achieve a defined size and concentration of precipitates. For 
wire actuators, these could also be solution annealed and be 
provided with the necessary cold working by a subsequent 
pulling process. After this regeneration, SMA elements can be 
integrated in new products. 
In material recycling in contrast, for one thing secondary raw 
materials are obtained for the production of a new product from 
a share of the waste substances of the second-hand product 
(second-hand product recycling). On the other hand, degraded 
materials of the production process are recycled (production 
return flow recycling). It has to be ensured that contaminations 
of any kind are removed prior to this process. In terms of SMA, 
this means that components or material residue from the 
production are smelted again in order to produce new pre-
products. Material remnants are e.g. chips from machining. 
 
 
Figure 3: Recycling cycle for SMA-based products. 
A further subdivision of product and material recycling is made 
in the manner of the following application (cf. figure 4). At 
this, the terms of use and processing are distinguished, just as 
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During its application, an already used product or a part of the 
product is reintegrated after its regeneration. In doing so, the 
shape of the products is not or rather only slightly altered. In 
this process, reutilization is the renewed use of a second-hand 
product for the same usage as before while employing its shape 
without or only marginally altering any of its parts. This is to 
say that after its revival, a pseudoelastic spring is a 
pseudoelastic spring again. By way of contrast, further use is 
the renewed use of a second-hand product for a different usage 
than the one for which it was originally produced (this can 
occur by means of using the shape without or only marginally 
altering the product). In the case of SMA, e.g. a spring could be 
made from an SMA wire by means of a new shaping.  
During its processing, the shape of the product is procedurally 
dissolved and various steps of conditioning follow. 
Subsequently, the materials are supplied to the production as 
secondary raw materials. Here, reprocessing consists in the 
renewed employment of second-hand materials and production 
return flow materials, or rather auxiliary and operating 
materials in a similar production process to the one already 
gone through. The further use consists in the employment of 
second-hand materials and production return flow materials or 
auxiliary and operating materials, respectively, in a production 
process they have not yet gone through. In this process, SMA 
component parts are smelted or pulverized in order to produce 
new pre-products. Perhaps the composition of the alloy and 
thereby the functional properties can here be altered by the 
addition of primary raw materials such as nickel and titanium. 
 
 
Figure 4: Modes of recycling. 
 
4. Recycling with SMA 
Especially in the case of smaller devices, recycling is 
difficult. To date, due to their small size and the difficult 
handling, particularly smaller appliances from the areas of 
information, office and communication technology and also 
small electric household appliances as for instance electric 
shavers, hairdryers and kitchen appliances etc. have at the most 
their contaminant-laden parts removed. 
Currently, roughly two million PCs, three million facsimile 
machines and more than six million telephones and mobiles are 
disposed of per annum in Germany alone. And these figures 
will further increase in the future. One reason for this is the fact 
that appliances are scrapped and replaced by new ones 
increasingly faster and in larger numbers. The German Federal 
Environment Agency assumes an annual growth rate of 5 to 10 
per cent.  
Due to the more or less toxic component parts of 
electronics, as well as the contained rare raw materials, such as 
palladium and rare earth elements, an improved and more 
precise recycling is needed.  
For a better disassembly and the extraction of the raw 
materials, connecting elements with shape memory elements 
might play a major role in the future. Appliances like mobile 
phones or MP3 players could disassemble themselves in the 
end of their lives, namely into those parts that are valuable to 
the recycling. The principle of these “self-disassembling small 
electric appliances” consists in integrating shape memory 
elements into the clip connections that hold the individual 
plastic shells together. If these clip splices are heated during the 
disassembly, e.g. by use of a heat source or a magnetic field, the 
clips open and the shells fall apart on their own. Several of 
these “intelligent” clips thus allow an automatic separation of 
the individual components of electric appliances. Consequently, 
for its disassembly, the waste electronic equipment would 
merely be lead over an assembly line on which it would pass 
through different temperature zones. The appliance to be 
disassembled then disassembles itself automatically and the 
mono-material synthetics can be collected at the different 
temperature zones.  
Depending on the design of the product and the 
employment of SMA elements, a manual disassembly can 




Figure 5: Disassembly with SMA elements. 
 
Nevertheless, in this disassembly, attention has to be paid to 
a consistent standard of the clip splices for manufacturers. Only 
then could appliances by different manufacturers be recycled 
fully automatically in the same facility.  
Figure 6 shows a spreading pin as an option to remove a 
connection. If the shape memory wire contracts, two wedges 
are moved towards each other, which spread apart the two open 
channels of the cylinder and thereby remove the connection of 
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Figure 6: Image of a prototype [5]. 
REFRESH-ANNEALING AS A RECYCLING STRATEGY 
1. Basics 
After a certain number of cycles, the wire shows an 
elongation through which its working position gets slowly 
dislocated. Moreover, with a growing number of cycles, it 
suffers a loss of effect, which results in the reduction of its 
maximal displacement in technical applications. In general, 
factors like the displacement and the actuating force as well as 
the composition of the alloy and the ambient conditions 
influence the fatigue behavior of an SMA actuator. However, 
high numbers of cycles of NiTi elements are not achieved from 
the beginning, as a variety of parameters in the production and 
manipulation of the material as well as in the construction of 
the component have to be considered.  
For this reason, nowadays applications with high cycle 
frequencies are not even implemented with SMA in the first 
place. Due to its light weight and its noiselessness, however, the 
employment of SMA is reasonable for ecological and economic 
reasons. Besides the improvement of the material, another 
solution possibility for the problem of fatigue is the 
replacement of SM elements within the framework of 
maintenance cycles. Other component parts in technical 
systems such as ignition plugs, filters and brake pads also have 
a lower service life than the total system and therefore have to 
be replaced in certain intervals. Still, if a dismantled SMA 
element was disposed of, this would not be an ecologically 
sensible solution, either. Refresh-annealing solves this problem 
by treating SM components and thereby enabling their 
subsequent reutilization.  
It is pertinently known that thermomechanical pre-treatments, 
characterized by cold working, annealing temperature and 
annealing time, have a big influence on the stability of the SM 
effect [6]. This fact is taken as a basis for the refresh-annealing 
strategy. This strategy can furthermore be subdivided into two 
forms. Firstly, the heat treatment after the removal of the SM 
component can occur externally. The refreshed component part 
can then be installed in the same system (maintenance) or in 
another system as a replacement part (recycling). In the case of 
recycling, the component part can be removed from a system in 
use as well as from a phased out system. Secondly, there is the 
opportunity of submitting the SM component to a heat 
treatment while it remains in the system. This idea of “self-
repairing” pursues the aim of an easy way to compensate the 
existing and inevitable fatigue. This is to say that functional 
fatigue is not to lead to an impairment of the functionality of 
the entire system anymore. One advantage of the increased 
durability that can be achieved in this way is that the 
employment potential of SMA elements as drive elements in 
actuators can be increased substantially. Refresh–annealing 
constitutes one of the most important concepts within the self-
repairing strategy [7]. This concept doesn’t require any 
additional mechanical components and therefore presents a 
simple and inexpensive option of a solution. Here, the wire is 
annealed yet another time after reaching a previously 
determined fatigue-caused elongation in such a way that a 
further drop of the stress plateau is prevented. In this process, 
the cycle is stopped and the loaded force decoupled. In the 
stress-free assembly, an annealing process which raises the 
stress plateau up to a prior level can now be executed. One 
problem of this concept is the change of parameters like the 
transformation temperature, which can be seen from the longer 
cycle time. This problem can be tackled by a regulation of this 
process via resistance control [8]. 
 
2. Results of the Pulling Tests of Refreshed Wires 
The results of the pulling tests of the samples of a refresh 
cycle clearly indicate that the descended stress plateau (here: 
the martensitic stress plateau) can be raised again with the help 
of annealing (figure 7). The annealing is carried out at a 
temperature of 250°C. The objects of examination are wire 
samples of the actuator alloy in different phases of the refresh 
process. The first phase is constituted by the original state of 
the wire. The cycling of the wire then represents the second 
phase and the resulting fatigue. The third phase comprises the 
annealed wire, which is cycled again in the fourth phase. The 
curves are normalized to the zero point. So the plastic strain is 
faded out. 
 
Figure 7: Pulling test curves in different refresh phases 
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3. Results of “Refresh–Annealing” 
As a result, we can record that the samples that are 
annealed at the relatively low temperatures of 200°C and 250°C 
exhibit the best refresh behavior. This refresh process almost 
reaches the original quality of the material. Besides, the low 
annealing temperatures can ensure that a refresh process of an 
SMA element can take place while it is integrated. Thereby, the 
technical operationality is greatly improved. Figure 8 shows 
the outcomes of the tests on refresh-annealing. In these, it is 
clearly noticeable that it is possible to convert the remaining 
strain into a usable strain again. Even after multiple cycles, the 
refreshed samples display a fatigue behavior that corresponds 
to the original state. Moreover, the tests demonstrate that an 
increase of the annealing temperature leads to a deterioration of 
the refresh behavior. Annealing temperatures of over 400°C 
don’t show any refresh effect anymore, but rather cause an 
accelerated fatigue behavior. This may be due to regeneration 
processes, since the decrease of the dislocation density causes 
the SMA effect to lose stability in the known way. 
 
Figure 8: Refresh-annealed wires, annealing temperatures 
250°C and 400°C [7] 
CONCEPT FOR A RECYCLING-BASED PRODUCT-
SERVICE SYSTEM DEVELOPMENT PROCESS 
1. Basics 
A new understanding of products and services is a basis for 
future developments in the field of shape memory technology. 
Alongside the engineering and management, new methods and 
tools that make product-service systems successful are 
required. Therefore, companies require new methods and 
concepts to design and develop products and services together. 
Furthermore, the operational and organizational structures need 
to be adapted to the new situation. The offering and delivering 
of product-service systems create a new kind of knowledge that 
has to be identified, saved and used in a company. 
 
2. Procedural method 
The chart depicted in figure 9 constitutes a first approach 
to the development of a product-service system in terms of 
SMA- based recycling. Here the depicted procedure orientates 
itself by the product life cycle. In every phase of the product 
life, recycling directly or indirectly plays an important role. In 
the first three phases of planning, product development and 
supply, the recycling is indirectly dealt with by determining 
strategies, shapes of component parts, the material, the 
connection technology and provision methods. Nevertheless, 
these phases in particular are of elementary importance as on 
the one hand, all actions and procedures of the successive 
phases are already determined at this point and on the other 
hand, mistakes that are made here can only be corrected at a 
high monetary and temporal expenditure later on. Besides, in 
these first phases, diverse methodical aids for the support of the 
development engineer are employed. To name but a few, there 
are check lists, classification schemes, construction catalogues 
and guidelines on fulfilling recycling conditions for 
construction.  
In the production phase, recycling is only employed 
directly. Here, it is regarded as imperative to reintroduce 
residue and rejects into the material cycle as a secondary 
resource. In the marketing phase, it is important to emphasize 
the recycling as an advantage of the product and to appeal to 
the customers’ ecological consciences. In polymer processing, 
this stage, in which recycled component parts, i.e. housings, are 
advertized, has already been reached. The last two phases in the 
product life cycle, namely the product use and the recycling 
itself constitute the most important phases concerning the 
provision of services. Here both material recycling and product 
recycling processes take effect. “Refresh-annealing” has 
already been introduced as a central strategy for the recycling 
of SMA components. At this, it is important to plan and 
organize the different processes and especially also the 
redemption of end-of-life products.  Within the introduced 
methodology, there are also diverse aids available for this. 
Furthermore, mistakes that were made e.g. in the connection 
technology during the development phase will have dire 
consequences concerning the disassembly. 
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Figure 9: Procedural method for the recycling of SMA 
CONCLUSIONS 
The study shows the potential of services in the context of 
shape memory technology. In this case, different possibilities 
can be distinguished, which are yet again tailored for particular 
kinds of product-service systems. The concepts demonstrated 
have the potential for a significant increase of the 
commercialization of this technology. Along with the 
engineering services that are already in the market, 
maintenance and recycling services will rate high in the future.   
Besides, it was shown that it is possible to balance out the 
losses in function and displacement of an SMA component with 
refresh cycles. The refresh annealing process is integrated in a 
recycling or maintenance strategy. Consequently, the durability 
and the potential of SMA elements in technical applications can 
be further increased. 
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